The rotational evolution of cool stars is governed by magnetised stellar winds which slow the stellar rotation during their main sequence lifetimes. Magnetic variability is commonly observed in Sun-like stars, and the changing strength and topology of the global field is expected to affect the torque exerted by the stellar wind. We present three different methods for computing the angular momentum loss in the solar wind. Two are based on MHD simulations from Finley & Matt (2018) 30 erg (surface field). This discrepancy results from the already wellknown difficulty with reconciling the magnetograms with observed open flux, which is currently not understood, leading to an inability to discriminate between these two calculated torques. The third method is based on the observed spin-rates of Sun-like stars, which decrease with age, directly probing the average angular momentum loss. This method gives 6.2 × 10 30 erg for the solar torque, larger than the other methods. This may be indicative of further variability in the solar torque on timescales much longer than the magnetic cycle. We discuss the implications for applying the formula to other Sun-like stars, where only surface field measurements are available, and where the magnetic variations are ill-constrained.
INTRODUCTION
Angular momentum loss through stellar winds explains the rotational evolution of low mass stars (M * ≤ 1.3M ) on the main sequence. These stars are shown to have outer convection zones (Marcy 1984; Donati et al. 2006; Morin et al. 2008; Donati et al. 2008; Petit et al. 2008; Morgenthaler et al. 2011; Gregory et al. 2012; Reiners 2012; Folsom et al. 2016 Folsom et al. , 2017 , which are able to support magnetic fields through the interplay of rotation and convection, forming a dynamo (Brun & Browning 2017) . The magnetic field generation of such dynamos is linked with rotation (Browning 2008; Reiners et al. 2009; Reiners & Basri 2010; Vidotto et al. 2014; See et al. 2015; Shulyak et al. 2017) , such that a faster rotator will, in general, produce a larger field strength. Stellar winds are found to be more effective at slowing rotation in the presence of these large scale magnetic field (Weber & Davis 1967; Mestel 1968; Keppens & Goedbloed 2000; Matt et al. 2012; Garraffo et al. 2015; Réville et al. 2015a) . Therefore, the relation of stellar rotation, magnetism and angular momentum loss leads to the convergence of rotation periods at late ages (Skumanich 1972; Soderblom 1983; Barnes 2003 Barnes , 2010 Delorme et al. 2011; Van Saders & Pinsonneault 2013; Bouvier et al. 2014) .
Observations of the rotation rates of stars at different ages, and our knowledge of stellar structure, also give us direct constraints on the total external torque on the star. This value is independent from any knowledge of the physical mechanism for that angular momentum loss, but it probes only a long-time average torque (i.e., only *af472@exeter.ac.uk on timescales smaller than the spin-down time, which can be in the range of tens to hundreds of Myr for main sequence stars). With the increasing number of accurate rotation period measurements available to compare with model results (e.g. Agüeros et al. 2011; McQuillan et al. 2013; Núñez et al. 2015; Rebull et al. 2016; Covey et al. 2016; Douglas et al. 2017; Agüeros 2017) , we are able to examine the physical mechanisms of stellar wind braking in greater detail (Irwin & Bouvier 2009; Bouvier et al. 2014) . A variety of spin evolution models have been developed to date (e.g. Gallet & Bouvier 2013; Van Saders & Pinsonneault 2013; Gallet & Bouvier 2015; Johnstone et al. 2015; Matt et al. 2015; Amard et al. 2016; Sadeghi Ardestani et al. 2017; See et al. 2018) , which relate basic stellar properties; mass, radius, rotation period, field strength and mass loss rate, with results from analytic or numerical models for the spin down torque applied to the star, and the subsequent redistribution of internal angular momentum.
Stellar mass and radius remain essentially constant throughout the main sequence. However, in addition to the long-time secular changes of the magnetic field due to rotation, magnetic activity is also observed to vary significantly over timescales of years to decades (Baliunas et al. 1995; Azizi & Mirtorabi 2017) . This is routinely observed for the Sun which is known to have a magnetic activity cycle (Babcock 1961; Wilcox & Scherrer 1972; Willson & Hudson 1991; Guedel et al. 1997; Güdel 2007; Schrijver & Liu 2008) , moving from an activity maximum through minimum and back to maximum in roughly 11 years. The Sun's cyclic behaviour is apparent in changes to the large scale magnetic field (DeRosa et al. 2012) , which significantly modifies the solar wind structure and outflow properties (Smith & Balogh 1995; McComas et al. 2000; Wang et al. 2000; Tokumaru et al. 2010) . Activity cycles on other stars are quantified using activity proxies such as the long term monitoring of Ca II HK emission (Baliunas et al. 1995; Egeland et al. 2017) , observed lightcurve modulation due to star spots (Lockwood et al. 2007 ), X-ray activity (Hempelmann et al. 1996) and more recently Zeeman Doppler Imaging, ZDI (Semel 1989; Donati et al. 1989; Brown et al. 1991; Donati & Brown 1997) . The mass loss rate of the Sun is shown to vary with the magnetic cycle (McComas et al. 2013) and is fundamentally connected with magnetic activity (Cranmer et al. 2007 ). This behaviour is expected to be similar for other low mass stars.
Previous theoretical studies have shown the variation in angular momentum loss over magnetic cycles (Pinto et al. 2011; Garraffo et al. 2015; Réville et al. 2015b; Alvarado-Gómez et al. 2016; Réville & Brun 2017) . However they require costly MHD simulations which attempt to simultaneously fit the mass loss rate and magnetic field strengths for single epochs. In contrast, by utilsing stellar wind braking formulations from Réville et al. (2015a) , Finley & Matt (2017) , Pantolmos & Matt (2017) and Finley & Matt (2018) , hereafter FM18, which can easily predict the torque for any known mass loss rate and magnetic field strength/geometry. This allows, for the first time, a more continuous calculation of the angular momentum loss rate.
Using the multitude of current observations of the Sun (this work), and multi-epoch studies of other stars from the ZDI community (Paper II), we can now evaluate the variation of stellar wind torques over decadal timescales. We briefly reiterate the angular momentum loss prescriptions from FM18 in Section 2, collate solar observations in Section 3, and implement them in Section 4 to produce the most up-to-date determination of the solar braking torque, using methods based on the surface magnetogram data obtained from SOHO/MDI and SDO/HMI, and evaluating the open magnetic flux from the Ulysses and the Advanced Composition Explorer (ACE) spacecrafts, along with an estimate based on the rotational behaviour of other Sun-like stars. Section 5 then discusses our result and addresses the observed discrepancy between surface field and open flux methods, along with the differences between our torque value and the derived long-time average result.
Previous theoretical studies have shown the variation in angular momentum loss over magnetic cycles (Pinto et al. 2011; Garraffo et al. 2015; Réville et al. 2015b; Alvarado-Gómez et al. 2016; Réville & Brun 2017) . However they require costly MHD simulations which attempt to simultaneously fit the mass loss rate and magnetic field strengths for single epochs. By contrast, using the stellar wind braking formulations from Réville et al. (2015a) , Finley & Matt (2017) , Pantolmos & Matt (2017) and Finley & Matt (2018) , hereafter FM18, which can easily predict the torque for any known mass loss rate and magnetic field strength/geometry, without need for new simulations. This allows, for the first time, a more continuous calculation of the angular momentum loss rate.
SEMI-ANALYTIC TORQUE FORMULATIONS
FM18 provides semi-analytic prescriptions for the angular momentum loss rate based on over 160 stellar wind simulations using the PLUTO magnetohydrodynamics (MHD) code (Mignone et al. 2007; Mignone 2009) . The simulations in FM18 use a polytropic equation of state, which equates to a thermally driven wind with a coronal temperature of 1.7MK for the Sun, and a polytropic index of γ = 1.05, which is nearly isothermal. The use of a nearly isothermal wind leads to some discrepancy with the observed multi-speed solar wind, which is known to be bimodal in nature (Ebert et al. 2009 ). Nevertheless, work by Pantolmos & Matt (2017) has shown changes to this assumed global wind acceleration can be understood within these models, and have a well described impact on our result.
As discussed in Pantolmos & Matt (2017) variations in the chosen wind speed, i.e. a wind comprised of all slow or all fast wind, differ by a factor of ∼ 2 in the predicted torque. In reality the solar wind is comprised of both components, with the relative fraction of slow and fast wind changing with magnetic activity, which means the true torque is between these two extremes. For this work, we adopt the parameters derived originally in FM18, with a temperature between the extremes (see Pantolmos & Matt 2017) , and accept potential discrepancies in the wind acceleration over the solar cycle.
The simulations of FM18 are axisymmetric, so derived torques neglect 3D effects as observed in the simulations of Réville & Brun (2017) . The advantage of these formulations is that calculations can be performed much faster than MHD simulations. This allows us to use all the available data to produce the most coherent picture of solar angular momentum loss over the last 22 years.
The torque, τ , due to the solar wind is then given by,
where,Ṁ is the solar wind mass loss rate, the stellar rotation rate is assumed to be solid body (no differential rotation) with Ω * = Ω = 2.6 × 10 −6 rad/s, and R * is the stellar radius for which we adopt R * = R = 6.96 × 10 10 cm. As with previous torque formulations, equation (1) defines the average Alfvén radius, R A , to behave as a lever arm, or efficiency factor for the stellar wind in braking the stellar rotation (Weber & Davis 1967; Mestel 1968) .
Formulation Using Surface Magnetic Field
In equation (1) the torque depends on the average Alfvén radius. Simulations of FM18 showed that R A can be predicted using the wind magnetisation parameter,
where the total axisymmetric field strength is evaluated using the polar field strengths from the lowest order modes B * = |B l=1 * | + |B l=2 * | + |B l=3 * | ( l is the magnetic order, for which 1, 2 and 3 correspond to the dipole, quadrupole and octupole modes respectively), and the escape velocity is given by v esc = 2GM * /R * , for which we adopt M * = M = 1.99 × 10 33 g. For mixed geometry axisymmetric fields, the average simulated Alfvén radius is found to behave as a broken power law of the form,
which approximates the stellar wind solutions from FM18, using K dip = 1.53, K quad = 1.70, K oct = 1.80, m dip = 0.229, m quad = 0.134, and m oct = 0.087. The variables describing the field geometry, R dip , R quad , and R oct are defined as the ratios of the polar strengths of each mode over the total; i.e., R dip = B l=1 * /B * , etc. The scaling of equation (3) is such that for most field strengths, in the solar case, we find that the dipole only term dominates the angular momentum loss (i.e. the dipole-only formulation of Matt et al. 2012 
and the average Alfvén radius given by,
where, from FM18, K o = 0.33 and m o = 0.371. Here we assume the dipolar coefficients as the dipolar fraction of the total field R dip remains significant throughout the solar cycle, with few exceptions. The simplicity of the semi-analytic derivation for the open flux torque formulation (see Pantolmos & Matt 2017) suggests that this method produces the most reliable torque for a given estimate of the open flux. This method is insensitive to surface geometry and any details of how the field is opened. The only factors that cause the angular momentum to deviate from this formulation is the wind acceleration and the 3D structure of the mass flux.
OBSERVED SOLAR WIND PARAMETERS
Information regarding the magnetic properties of the Sun are used here in two forms. Firstly, synoptic magnetograms of the surface magnetic field produced by both the Michelson Doppler Imager on-board the Solar and Heliospheric Observatory (SOHO/MDI) and the Helioseismic and Magnetic Imager on-board the Solar Dynamic Observatory (SDO/HMI), from which we calculate time-varying magnetic field strengths for the dipole, quadrupole and octupole field components. Secondly, measurements of the interplanetary magnetic field (IMF) strength are taken in-situ by the Ulysses and ACE spacecrafts, which we use to produce an estimate of the timevarying solar open flux. Measurements of the solar wind speed and density are also made in-situ by multiple spacecrafts, but here we focus on results from Ulysses and ACE.
During the calculation of our solar wind quantities, we perform 27-day averages to remove any longitudinal variation and produce more representative values for the global wind. In doing this we have removed information of any temporal or spatial variation on smaller scales than this, which has been shown by previous authors (e.g. DeForest et al. 2014 ).
An additional complication arises from Coronal Mass Ejections (CMEs), or Interplanetary CMEs (ICMEs) as they arrive at the spacecraft detectors. ICMEs are observed in the data as impulsive increases in the in-situ solar wind properties. CMEs occur on average up to 5 times a day at solar maximum and 1 every 2-3 days at solar minimum (Webb et al. 2017) . Some authors have removed these events from their datasets (e.g. Cohen 2011) using CME catalogues (e.g. Cane & Richardson 2003) and by identifying anomalous spikes. CMEs carry only a few percent of the total mass loss rate which is mainly located near the maximum of activity, and due to the distribution of their ejection trajectories into the Heliosphere, a reduced fraction of these events are recorded at the in-situ detectors.
In order to gauge the impact of the enhanced magnetic field strengths and densities carried by ICMEs, we re-ran the analysis, removing periods when the wind density and field strength are greater than 10cm 3 and 10nT respectively from the hourly spacecraft data (as done for Ulysses by Cohen 2011). This results in ∼ 3% of the hourly data being cut in each 27-day average at solar maximum, and ∼ 0% at the minimum. During the 22 years this averages to removing ∼ 1% of the data from each 27-day bin. We find by removing the ICMEs the average open flux and mass loss rate we derive are reduced by ∼ 4%. However, as CMEs should have a contribution to the total torque we prefer to include these events in our derived mass loss rate and open flux, even though there
is not yet a model to show how their angular momentum loss per mass loss rate may be different than that of a steady global wind (see, e.g. Aarnio et al. 2012 ). As such the results presented in the remainder of this work use the full, unclipped data set. (Sun et al. 2011; Sun 2018) , accounting for projection effects on the line of sight magnetic field measurements which result in a large amount of noise at the poles, along with other affects such as the Sun's tilt angle which periodically hides these areas from view. The two instruments observed the Sun over different time periods with an overlap from the beginning of HMI in May 2010 (CR 2097) until the end of MDI in December 2010 (CR 2104). Therfore the datasets have been calibrated to produce consistent results. For this work, we apply a multiplicative factor to the HMI field strengths of 1.2, as suggested by Liu et al. (2012) .
We use a total of 282 synoptic magnetograms which cover the entirety of sunspot cycle 23 (August 1996 -December 2008 , CR 1913 -CR 2078 , and cycle 24 up to January 2018 (CR 2199). These magnetograms are decomposed into their spherical harmonic components using the pySHTOOLS code (Wieczorek 2011) . The magnetograms require remapping from the sine-latitude format of the observations onto an equal sampled grid, which the code can use. Each map is then decomposed into a set of spherical harmonic modes Y l m which have order l = 1, 2, 3, ..., l max (a truncation limit placed at l max = 150) and degree −l ≤ m ≤ l. This process produces complex coefficients α l m , which weight each of the spherical harmonic modes,
where θ and φ represent the co-latitude and longitude of the magnetograms respectively. This method was performed by DeRosa et al. (2012) on 36 years of observations from the Wilcox Solar Observatory and, similarly to this work, the MDI data set. The results from our decomposition agree strongly with the results presented in DeRosa et al. (2012) for the MDI observations. Appendix A contains a full breakdown of the dipole, quadrupole and octupole components we calculate.
For the calculation of the solar wind torque based on the surface field, we require the dipole (l = 1), quadrupole (l = 2) and octupole (l = 3) component strengths. The pySHTOOLS code produces a strength for the axisymmetric component (m = 0) and the subsequent non-axisymmetric components (0 < |m| ≤ l) for each harmonic order l. The formulation from FM18 is produced using axisymmetric simulations only, here we produce a combined field strength including all m, rather than neglecting the non-axisymmetric components (m > 0). We adopt the quadrature addition of field components, 
Mass Loss Rates and Magnetic Open Flux
Variability From ACE/Ulysses Along with the magnetic properties of the Sun, the mass loss rate is required to calculate the loss of angular momentum in the solar wind. The ACE spacecraft 3 , has been performing in-situ monitoring of the fundamental solar wind properties since its arrival at the L 1 Lagrangian point (on the Sun-Earth line, approximately 1.5 million km from Earth) in December 1996. A global mass loss rate is constructed from the 27-day average 4 over the spacecraft data, assuming the observed solar wind flux to be characteristic of the total wind (i.e the wind is isotropically the value observed by ACE),
whereṀ is the observed mass loss rate, R is the radial distance from the Sun of a given observation, v r is the radial wind speed, and ρ is the mass density of the wind. The mass loss rate produced from ACE data is shown in the top right panel of Figure 1 using a solid black line. The estimated mass loss rate varies between 0.43−2.72× 10 12 g/s, with an average value of 1.14 × 10 12 g/s, which is consistent with previous works (Wang 1998; Cranmer 2008; Cranmer et al. 2017) .
The same calculation is performed on the data available from the Ulysses spacecraft 5 , shown in light grey. Ulysses again made in-situ observations of the solar wind. However it took a polar orbit around the Sun with perihelion at ≈ 1.35AU (Astronomical Unit) and aphelion at ≈ 5.4AU. The spacecraft was launched in late 1990 and received a gravity assist from Jupiter in 1992 which modified the inclination of the orbit to around 80
• . Notably, the Ulysses spacecraft made three fast latitude scans of the solar wind, each passing from the north pole to the south pole in approximately a year. Figure 1 . Calculation of the angular momentum loss rate, τ , in the solar wind over the last 22 years, through various observations and utilising the torque formulations presented in FM18. Left: Three panels presenting the lowest order spherical harmonic components, dipole, quadrupole and octupole, from the SOHO/MDI and SDO/HMI instruments along with the Carrington-rotations used in Réville & Brun (2017) (grey squares are derived from WSO maps directly, where as coloured squares include a scale factor to bring the observations in line with MDI and HMI). Right: Top panel shows the mass loss rate using equation (9) for, the ACE data with a black line, all Ulysses data with a light grey line, the fast latitude scans indicated in magenta, and the models from Réville & Brun (2017) with black squares. Middle panel shows the open magnetic flux using equation (10) for, the ACE data with a dark grey line, Ulysses fast latitude scans in magenta, the results of using a potential field source surface model and the associated open flux from the FM18 model on the MDI and HMI magnetograms in red and black respectively, and the models from Réville & Brun (2017) with black squares. Bottom panel shows the angular momentum loss rate, with the surface field method using MDI and HMI magnetograms along with the mass loss rate from the ACE spacecraft shown with a black line, and the open flux method using ACE data and Ulysses data in grey and magenta respectively. The average torque for each method along with the value derived in equation (13) Both sets of spacecraft observations produce agreeinġ M magnitude and variation with cycle phase although they do differ on a point-by-point basis, most notably when Ulysses was furthest from the Sun. The ACE data is concurrent with the 22 years of magnetogram observations, and as such we use this value of the mass loss rate in future calculations.
Both spacecrafts are also capable of sampling the magnetic properties of the wind, i.e. the field direction and magnitude. Since the heliospheric magnetic field at the orbital distances of both spacecraft is thought to be predominantly open (Riley 2007; Owens et al. 2011 Owens et al. , 2017 , these measurements allow us to make an estimate of the total unsigned solar open flux,
where φ open is the unsigned open flux and B r is the radial magnetic field strength observed by the spacecraft. The use of averaged 27-day radial field measurements, again assuming isotropy, to estimate the open flux is shown to be a good approximation, as the normalised value of the radial field, R 2 |B r (R)|, is independent of heliographic latitude (Smith & Balogh 1995) . The solar wind is found to redistribute significant magnetic flux variations due to the latitudinally directed magnetic pressure gradients formed from non-isotropy (Wang & Sheeley Jr 1995; Lockwood et al. 2004; Pinto & Rouillard 2017) . Thus a single point measurement can be used to form a reasonable approximation of the total solar flux (Owens et al. 2008) . For the magnetic field observations taken with Ulysses, it is understood that the noise on the radial component B r will grow with distance from the Sun, such that the prediction of equation (10) will become discrepant to near-earth measurements around 2AU (Owens et al. 2008) . Therefore, we limit the open flux data used from Ulysses to include only the fast latitude scans, at which time the spacecraft was within 2AU of the Sun. ACE, located at L1, is well within this cut-off distance, therefore a complete open flux estimate is produced for the time of its observations. The solar open flux is evaluated using equation (10) with an average value of 7.98 × 10 22 Mx. The estimated open flux is maximum around solar activity maximum for each sunspot cycle, as with the mass loss rate.
EVALUATING THE SOLAR WIND ANGULAR MOMENTUM LOSS RATE
Here we consider three methods for determining the angular momentum loss in the solar wind. The first uses the surface magnetic field strength B r (FM18, equation 3), the second uses the open magnetic flux φ open (FM18, equation 6), and the third calculates the expected torque on the Sun based on empirical trends in the observed rotation periods of other stars, i.e, τ ∝ Ω 3 * . We aim to characterise any difference between these torque predictions, and attempt to determine the most accurate estimate of the solar wind torque and its variability.
Torque Predictions from Surface Field
Measurements Using the decomposed surface magnetograms from SOHO and SDO, along with mass loss rate measurements from the ACE spacecraft, we evaluate the solar wind torque using work from FM18. As previously discussed, equation (3) applies for axisymmetric combinations of dipole, quadrupole and octupole fields only. Despite this, we assume this relations holds for the nonaxisymmetric field components also, and describe a single field strength for each harmonic mode l using equation (8), this assumption is discussed in Section 5.1.
The predicted torques based on magnetograms from MDI and HMI are displayed in the bottom right panel of Figure 1 with a solid black line. The average torque predicted over the 22 years of data using this method is 3.51 × 10 29 erg. Splitting this time period into separate sunspot cycles 6 we produce a histogram of the torque and average Alfvén radii, top panels of Figure 2 . The average angular momentum loss for cycle 23 is 4.27 × 10 29 erg, where as cycle 24 currently has an average of 2.51 × 10 29 erg, 41% lower. The Alfvén radii predicted by equation (3) are also shown to be distinctly different for each cycle.
Torque Predictions from Open Flux Measurements
The angular momentum loss rates calculated using equation (6) with the open flux and mass loss rate observations from Ulysses and ACE are displayed in the bottom right panel of Figure 1 in magenta and grey respectively. Notably, both sets of observations agree well, and indicate the solar maximum coincides with the maximum braking torque in the solar wind. The average torque predicted using the open flux method is 2.28 × 10 30 erg, which is 3.26 times greater than the surface field method in the previous section. The sunspot cycles can again be distinguished, the torque and Alfvén radii predicted by equation (6) are shown in the bottom panels of Figure  2 . The average angular momentum loss for cycle 23 is 2.60 × 10 30 erg, where as cycle 24 currently has an average of 1.88 × 10 30 erg, 28% lower. Similarly to the torque predicted from the surface field measurements, we find a decreasing value of the solar torque however the difference in average Alfvén radii from cycle to cycle is far smaller for the open flux method. Figure 3 displays the ACE derived torque along with the monthly averaged sunspot number; roughly the angular momentum loss rate rises in accordance with the sunspot number with a hint that it lags behind in the declining phase of the sunspot cycle (see Section 5.4 for further discussion).
Solar Torque Inferred from Observed Stellar
Rotation Rates At the start of the main sequence phase, stars with nearly a solar mass, exhibit a wide distribution of rotation rates, which is observed to converge toward a narrow distribution of rotation rates by an age of a few hundred Myr (e.g. Bouvier et al. 2014) . The distribution of spin rates continues to narrow, as the average spin rate decreases in time. The narrowing distribution and common evolution of spin rates suggests that the stellar wind torques for all (or most) solar-mass stars approach a single relationship that depends simply on stellar parameters and spin rate, and which becomes independent of the "initial" conditions (e.g., independent of whether the star was a fast or slow rotator at the start of the main sequence phase).
This late-time, asymptotic behavior of observed stellar spin rates gives us constraints on the external torques, completely independently from any knowledge of the physics of stellar winds. To derive such a constraint for solar-mass stars older than a few hundred Myr (following Schatzman 1962; Durney 1985; Kawaler 1988; Matt et al. 2015) , we first approximate that the external torque depends simply on the rotation rate as a power-law,
where τ rot is the current long-time-average torque of the Sun, Ω is the stellar rotation rate, Ω is the solar rotation rate, and p will be constrained by observations and theory. Next, if we assume that the moment of inertia of stars is constant during the main sequence phase and that the stars rotate as solid bodies, we can integrate the angular momentum equation analytically. This analysis shows that, for any value of p > 0, and independent of any reasonable "initial" spin rate (at young ages), the rotation rates will converge toward the relationship
where I is the solar moment of inertia and t is the current age of the star. From the age of a few hundred Myr to that of the Sun, it has been long known that the average spin rates of Sun-like stars decreases as approximately the inverse square root of the age (Skumanich 1972; Soderblom 1983; Barnes 2003) , which implies p ≈ 2. Using solar parameters, equation (12) × Ω 2.6 × 10 −6 rad/s 4.55 Gyr t
where we have input fiducial values for the solar moment of inertia , representative rotation rate (Snodgrass & Ulrich 1990) , age (Guenther 1989) , and p. Appendix B discusses the validity and uncertainties associated with the prediction of equation (13). Using observed stellar rotation rates to probe the torque is only sensitive to torques averaged over some timescale that is much shorter than the spin-down time, but larger than magnetic cycle timescales. For the ages near the Sun's, this means that equation (13) estimates the torque as averaged over a timescale of ∼ 100 Myr. Although the converging of stellar spin rates at late times suggest that the torques are "well-behaved" and predictable, the observations do not rule out that stellar wind torques could (and apparently do) vary quite substantially on short timescales.
Comparison to Previous Calculations of the Solar
Torque A large number of solar wind models exist in the literature, many of which produce estimates for the solar mass loss and angular momentum loss rates (Usmanov et 
2017; Pognan et al. 2018).
The reported values have a wide range due to the large differences in input physics, such as the use of polytropic winds or the inclusion of a specific coronal heating function. As the mass loss rate is typically evolved self consistently in these models, differences in the modelled torque value is often due to discrepant mass loss rates when compared to observations (as this is a challenging problem). With the correct adjustments to recover the observed solar mass loss rate, most models produce a comparable value to the present work. Unlike the works above, the parametrisation of FM18 allows for the impact mass loss and the magnetic field to be decoupled such that we can produce a semi- analytic result which matches the observed solar values.
In this section we focus on a few theoretical models, which concider the effects of magnetic variability over the solar cycle, plus data driven models of the solar wind. This includes the dynamo driven wind simulations of Pinto et al. (2011) , the recent 3D wind simulations of Réville & Brun (2017) , and estimates for the torque using observed values such as Pizzo et al. (1983) (1983) made a direct measurement of the solar angular momentum flow, which should be the most accurate method, however they required very significant assumed spacecraft pointing corrections. Therefore it is not clear how rebust the measurement is. Based on our observed variability with sunspot cycle it is expected that the estimate made for the torque using the HELIOS spacecrafts should be higher than our current average, as the Sun was more active during cycle 21, which is calculated to be in the range of 2.55 − 3.77 × 10 30 erg by Pizzo et al. (1983) (see Figure 3) . The average value of the solar wind torque during cycle 23 and 24 is ∼ 30% lower than this, which is potentially evidence for continued variability on longer timescales than considered within this work.
Pinto et al. (2011) used a solar-like kinematic dynamo model to drive an axisymmetric MHD wind simulation. The results did not intend to model the actual Sun, but this was the first work to include the effect of magnetic variability in the calculation of the angular momentum loss rate. Results from this work agree with the average Alfvén radii predicted by equation (3) from FM18, apart from at their minimum of activity in which the axisymmetric dipole decreases without a rise in the equatorial dipole component to maintain the size of the Alfvén radius. Due to this, the torque predicted is strongly anticorrelated with the solar activity cycle. This highlights the need to include the equatorial component to produce a smoothly varying torque, as seen with in the open flux method. Their average torque agrees with previous works but requires a mass loss rate which is twice as large as the observed solar value.
Réville & Brun (2017) compute 13 3D MHD simulations of the solar wind, stretching between cycle 22 to cycle 23, which we compare to our results in Figure 1 (shown in filled squares). Surface magnetic field data is gathered from the Solar Wilcox Observatory (WSO, Scherrer et al. 1977 ) synoptic maps (Réville, private communication), which display similar trends to the MDI and HMI data used in this work, see the top three panels (grey squares). The WSO observations are known to be less sensitive and under-represent the strength of the field when compared with MDI and HMI results (DeRosa et al. 2012; Riley et al. 2014 ), a multiplicative factor has been used to scale the strengths (coloured squares); note that this was not done for the values used within Réville & Brun (2017) , only for completeness here. The PLUTO code is used to construct 3D wind solutions for each WSO magnetogram, this produces global values for the mass loss rate and open magnetic flux (Réville, private communication), which are used to generate a torque in the bottom panel of Figure 1 . The mass loss rates match the observed average, with slight variation due to differences in the expansion of the field lines for the changing magnetic topolgies (also discussed in Réville et al. 2016 and Finley & Matt 2017) . However the factor of ∼ 2 variation in mass loss rate with magnetic cycle phase is not reproduced, shown in both the observations from ACE and Ulysses. As discussed by Réville & Brun (2017) , this occurs due to the lack of additional wind driving physics which should correlate with surface magnetic field energy, such as energy deposition through Alfvén wave heating (e.g. Cranmer et al. 2007; Pinto et al. 2016) .
Interestingly, these 3D simulations contain the nonaxisymmetric components of the magnetic field (l max = 15). Since the resulting torques from these simulations and our use of equation (3) appear to agree, it strengthens our previous assumption for including the non-axisymmetric components in our calculation. The results for the Alfvén radii also show good agreement, as shown in FM18. The methods used in the MHD wind simulation of Réville & Brun (2017) are similar to that of FM18, using a polytropic wind acceleration profile. Therefore the torque estimate is similar to the magnetogram-based calculation from Section 4.1.
DISCUSSION
Using the torque formulations from FM18, the value of the solar wind torque is shown to be lower than the empirical estimate based on the rotation of other Sunlike stars. We also find a disagreement between the two predictions from FM18, using either the surface or open flux method for calculating the torque. Both methods show the angular momentum loss rate to be variable in time, seemingly linked with the strength of magnetic activity on the Sun. Differences in the dynamical torque estimates for the current Sun and the long-time-average value may then be due to magnetic variation on longer timescales than the 22 year magnetic cycle. Here we discuss such factors which may be responsible for discrepancies in our predicted torques, and also their implications for using the work of FM18 on other Sun-like stars. For which, we can only obtain basic information about their surface magnetic field. Knowing that the open flux method is perhaps the most reliable, how can we reconcile our results for future use of the surface field method?
5.1. The Impact of Non-axisymmetric Magnetic Components In our calculation of the solar torque, based on surface magnetogram observations, we include the strength of the non-axisymmetric components through equation (8) which adds the components in quadrature to produce a combined strength for each mode l. This is done because the non-axisymmetric components of the field will impact the radial decay of the magnetic flux in a similar way to the axisymmetric components, which is the most significant driver of the location of the Alfvén radius (see discussion within FM18). MHD modelling by Garraffo et al. (2016) shows the torque generated by pure non-axisymmetric geometries are comparable with their axisymmetric counterparts, which supports our assumption here. However they do not disentangle the effect of mass loss rate and magnetic field geometry/strength on their angular momentum loss rates. It therefore remains to be shown if, or how, non-axisymmetric modes change the fit parameters K and m in equation (3) from FM18.
The torque calculated in Section 4.1 is controlled largely by the combined dipole field strength, which appears to be out of phase with solar activity, displayed in the top left panel of Figure 1 (note the use of absolute magnitude field strengths). During each sunspot cycle, the torque is maximised at the start of the sunspot cycle and just after the dipole polarity reversal. These are in general, times when the axisymmetric dipole is maximised (see Appendix A). This behaviour is markedly different to the open flux method which clearly shows the largest angular momentum loss rate at the sunspot maxima, when the equatorial dipole component is strongest.
In order to assess the impact of including the nonaxisymmetric components with equation (8), we performed the torque analysis using both, only the axisymmetric components, and the combined strength approach of equation (8). We find marginally differing results for both approaches, most notably, using only the axisymmetric component leads to a deeper minimum field strength during the dipole polarity reversal than in the combined approach and a far lower value for the torque during this time. This is the picture presented in Réville et al. (2015a) , in these simulations the equatorial dipole component is ignored, however this component does not vanish at maximum and should impact the angular momentum loss rate.
It is certain that the non-axisymmetric field components will contribute to the open flux in some way, and perhaps it is their relation to the torque which will resolve the discrepancy in how the torque varies over the cycle between the surface field and open flux methods. To first order, we believe our method produces more realistic results than simply taking the axisymmetric components alone. But the impact on wind acceleration and the effectiveness of the magnetic braking from these components is not completely understood.
The Impact of Model Wind Parameters
The FM18 model uses a particular set of fit parameters in equation (3) which are taken from simulations using a single polytropic wind temperature. Here we assume this to be an average of the slow and fast solar wind flows. However, work by Pantolmos & Matt (2017) indicates this assumption produces a form of uncertainty since we do not know the best fitting temperature for the Sun (and especially not for other stars). It is likely that the correct average polytropic wind temperature is also slightly variable during the solar cycle, with a differing ratio of fast and slow wind present. In general, variability in the wind temperature over the cycle will affect both torque formulas from FM18 and so represents an uncertainty on our results, i.e. for a fixedṀ , a faster wind will open more flux with a weaker resulting torque.
Differences in the observed variability of the solar wind torque between FM18 methods, i.e. the open flux method being smoothly varying and the surface field method being heavily dependent on the input dipole field strength, may be explained by the 3D and multi-speed nature of the solar wind. Here we have assumed for the surface field method, that the non-axisymmetric components will contribute to the torque though a quadrature addition of their strengths with the axisymmetric field, see equation (8). However, their relationship may be more subtle and interconnected with the wind acceleration, in effect smoothing the variability of the torque over the cycle. Models of the solar wind which recover the bi-modality of wind properties (Alvarado-Gómez et al. 2016), such as those produced for space weather prediction (e.g. Usmanov et al. 2000; Tóth et al. 2005) , as of yet have not been used to formulate a useable scaling relation for how the solar wind angular momentum loss rate scales with various parameters, such as mass loss rate or magnetic field strength.
The Open Flux Problem
Synoptic magnetograms are produced from a wide range of observatories, both in space and on the ground, for which line of sight magnetic field measurements are processed using different methods into coherent pictures of the whole solar surface. These magnetic maps agree qualitatively, with the same morphology of active regions and distributed surface flux. However, they often disagree quantitatively requiring saturation/correction factors to be brought into agreement with one another (Wang & Sheeley Jr 1995; Liu et al. 2012; Riley et al. 2014) .
Commonly Potential Field Source Surface (PFSS) models are used with these magnetogram observations as an input boundary condition, which allows for a quick and qualitative view of the coronal magnetic field. However, these PFSS models either under-estimate the solar open flux with a source surface around 2.5R * , but match the observed coronal hole morphology and area, or require much smaller source surface radii < 2R * to match the observed solar wind open flux at the cost of over predicting the coronal hole area (Riley et al. 2006; Lee et al. 2011; Arden et al. 2014; Réville et al. 2015b; Réville & Brun 2017; Linker et al. 2017) .
The surface flux and open flux methods from FM18 disagree in their prediction of the average torque over the last 22 years. The value derived based on the observed open flux in the solar wind is ∼ 7 times larger than the value produced using the magnetogram observations. The main disagreement between these two approaches centres on the amount of open flux produced from the magnetograms. Equating equations (3) and (6), and solving for φ open , we can produce a relation for the open flux predicted by the FM18 models, given a surface field strength,
where R A /R * | eq.3 is our predicted Alfvén radii given by equation (3). This corresponds to an average open flux of 2.21×10 22 Mx from the magnetograms, a factor of 3.61 lower than is observed by ACE. This is shown through the full dataset with a solid black line in open flux panel of Figure 1 . We also produce an estimate of the open flux using a PFSS model (Altschuler & Newkirk 1969) with a constant source surface radius of 2.5R , shown with a solid red line. The PFSS produces a similar magnitude of open flux to FM18 with some differences, both systematically under-predicting the observed open flux. Differences between these models are undoubtedly linked to the FM18 models predicting the coronal magnetic field becoming radial/open at much larger distances, than the fixed PFSS source surface of 2.5R , during that time.
The discrepency when extrapolating the solar open flux from magnetogram observations has been a persistent issue in the solar community (Zhao & Hoeksema 1994; Wang et al. 2000; Lockwood et al. 2004; Stevens et al. 2012) . For example, the Space Weather Modelling framework (Tóth et al. 2005 ) require the input magnetograms to be scaled by a factor of 2-4 to improve the comparison with observations (Cohen et al. 2006; Oran et al. 2013; Pognan et al. 2018) . It has been suggested that the addition of shear and twisting of magnetic field lines can allow more open flux, but again this impact the coronal hole area predicted from the models (Edwards et al. 2015) . It is therefore generally accepted that magnetograms require multiplication by an uncertain factor or the inclusion of additional magnetic flux (typically coronal mass ejections or small scale surface fields) in order to bring observations in-line with the extrapolated field strength at 1AU (Wang 1993; Zhao & Hoeksema 1995; Cohen et al. 2006; Riley 2007; Riley et al. 2014 ).
Authors such as Lowder et al. (2017) using the OMNI database and Owens et al. (2008) using historical heliospheric spacecraft, obtain values in agreement with our ACE 27-day averages. However, another source of disagreement in the open flux may come from these observed values. Lockwood et al. (2009a) suggest that using the IMF measurements to infer the solar open flux may lead to overestimation. This is due to longitudinal structures in the solar wind where the IMF twists back on itself and therefore increases the observed flux passing over the spacecraft (Crooker et al. 2004 ). The actual impact of this effect and others on our measured open flux value is uncertain. In order to take advantage of the open flux torque formulation from FM18 and other previous works, accurate observations of the solar open flux are required, which will likely occur with the launch of both Parker Probe (Fox et al. 2016) and Solar Orbiter missions (Mueller et al. 2013) . Previous estimates of the solar Alfvén surface height, based on observed solar wind properties, place the minimum average Alfvén radius around 10 − 15R * (Zhao & Hoeksema 2010; DeForest et al. 2014) . These values appear most consistent with our calculation using the open flux, presented in Section 4.2. Because there also appears to be fewer uncertainties, we assume the open flux torque is the most reliable result, however more work is needed.
Torque Variability Over Magnetic Cycles
Section 4 discussed the average value of the solar torque. However, our interest in using this dataset is primarily motivated by the variability of the angular momentum loss rate with solar cycle phase. Here we focus on this variation and the differences in the torque between sunspot cycles 23 and 24.
The angular momentum loss rate predicted from the magnetograms with equations (1) and (3) (Wang & Sheeley 2002) , hence why previously we included the non-axisymmetric components in our torque calculation. Despite our inclusion of the nonaxisymmetric field strengths with equation (8), the surface field method does not produce a smoothly varying angular momentum loss rate with solar cycle. Further work is required to resolve this, potentially by employing better thermodynamics in the wind and a treatment for the non-axisymmetric components.
The angular momentum loss rates and average Alfvén radii determined from both methods are binned into 27-day (carrington rotation) averages, and presented in histograms in Figure 2 . The discrepant average torque values are evident between the surface field and open flux methods. Further, data is coloured by sunspot cycle, as done in Figure 3 , with cycle 23 and 24 in green and blue respectively. Our dataset spans the entirety of cycle 23 and the majority of cycle 24. Each cycle is observed to broadly follow a log-normal distribution. Both methods concur that cycle 24 has a lower average torque and Alfvén radius than cycle 23, (see vertical dashed lines for averages). The averages of the Alfvén radii predicted from the open flux method are nearly constant between cycles, but as cycle 24 is currently moving into a minimum the average is expected to move lower as it becomes complete. Viewing the Ulysses fast passes, the average Alfvén radii for the minimum of cycle 24 (3rd pass) is smaller than that of the minimum of cycle 23 (1st pass), supporting this hypothesis.
Despite the discrepancy in magnitude between both methods for determining the torque, the variation between cycles shows a similar trend. This implies the surface flux formulation can be brought into rough agreement with the open flux technique using a multiplicative scaling factor, which has been done previously to match observed spin-evolution distributions (Gallet & Bouvier 2015; Amard et al. 2016; Sadeghi Ardestani et al. 2017; See et al. 2018) .
Long-term Torque Variability
The torque from both the surface field and open flux methods are shown to be variable with magnetic cycle, and appear to be decreasing from cycle 23 to 24. This work investigates the angular momentum loss rate over decadal timescales, but the process of rotational evolution is known to occur over billions of years. In which case, it is hard to tell if the current solar wind torque is typical of the long-time average value.
The torque in the solar cycle here varies by a factor of 5 − 10 and the average is a factor of 2.7 − 18 below the inferred torque from Section 4.3, depending on the method used (open-surface). Perhaps one way to reconcile them is if the solar wind torque varies with a much larger amplitude on a timescale much longer than 20 years, as probed here, but less than the timescales probed by observations of stellar spin rates of ∼100 Myr. I.e., It is possible that the solar wind torque is currently in some kind of "low state" relative to the long-time average. For example, if our present-day torque is a factor of about 4 smaller than the long-time average, to recover the average this implies that the Sun should either spend substantially longer in a slightly higher activity/torque state than the current low state, or spend an equivalent amount of time as the current low state with a torque 7 times bigger than present. In this extreme case, it requires a dipole field strength about 8 times bigger or mass loss rate 30 times bigger (or some combination of the two). If this is true, we should see Sun-like stars with the same rotation rate as the Sun, but with on average more magnetic activity than the Sun (the Sun should be below average for its Rossby number).
Using activity proxies magnetic variability is recovered on timescales of centuries (Lockwood et al. 2007 (Lockwood et al. , 2009b . Models of the solar open flux from Vieira & Solanki (2010) show that the Sun is at a low in open flux, but the current value is not exceptional. With the open flux scaling almost linearly with the torque predicted from FM18, averaging the torque on longer ∼ 100yr timescales could increase the predicted value towards agreement with the inferred torque from Section 4.3.
Additionally, van Saders et al. (2016) suggests a transition around the solar age to a weakened form of magnetic braking. They suggest the braking torque becomes weak enough to be insignificant for subsequent main-sequence evolution of rotation, requiring a very sharp reduction in the braking torque. The smaller value of torque found in other sections could be interpreted as agreement with the van Saders et al. (2016) hypothesis, although it seems unlikely we live in a time immediately following such a transition. The discrepancies presented here from our predicted long-time average can seemingly be explained by many other factors, such as our chosen wind temperature or long-time variability, so this appears coincidental.
Application to other Sun-like Stars
Our position on Earth is unique for observing the solar wind. We are embedded in the expanding solar atmosphere, and as such we can access both in-situ observations of the basic solar wind properties, and take advantage of remote sensing to build an accurate picture of solar magnetism using a variety of telescopes. This work utilises this wealth of data available for our local star, which we have an almost complete coverage with a monthly cadence for 22 years.
For other stars this is not possible as the tenuous emission of their stellar winds is undetectable. In order to gain information about the mass loss rate and wind properties of these distant stars, we rely on proxies such as the strength of Lyman-α absorption at their astropauses (Wood 2004 ) and more recently the observed erosion of exoplanet atmospheres (Vidotto et al. 2011; Vidotto & Bourrier 2017) . The magnetic field topology and strength of Sun-like stars are sampled using techniques such as Zeeman broadening and Zeeman Doppler Imaging, which at best, produce a measurement of the stellar magnetic field on yearly timescales (Morgenthaler et al. 2012; Jeffers et al. 2014; Saikia et al. 2016) . This leads to the question, how does our ability to measure the mass loss rate and magnetic field impact the predictions of their stellar wind torques?
While performing this analysis on the Sun, we have gained some insight into these effects:
1. Torques derived using stellar magnetic field observations and equation (3) may be lower than in actuality, due to the FM18 model producing a smaller value of unsigned open flux than measured in the solar wind. It remains to be shown if this can be corrected for by the application of a common scaling factor (this work indicates ∼ 15).
2. Magnetic variability can lead to estimates of the angular momentum loss which are, in the solar case, up to a factor of ∼ 10 different from one observation to another. Observations of other Sunlike stars will therefore suffer from considerable uncertainty in their derived angular momentum loss rates based on a single or small number of observations.
3. Long-time variability may also play a role, and with the difficultly ascertaining the true magnetic behaviour of other Sun-stars, i.e. if they are cyclic or stochastic, the corresponding estimate of their angular momentum loss rate may be discrepant from rotation evolution model predictions.
Paper II, and also See et al. (in Prep) , focus on applying the formulations of FM18 onto Sun-like stars for which we have information on their magnetic topology and variability. Again these results are compared to predictions from spin-evolution modelling (Matt et al. 2015) , using the information gained here from the Sun to interpret the results.
CONCLUSION
In this work we have utilised the wealth of current solar observations and the semi-analytic results from FM18 to produce an estimate of the current solar wind torque. This is compared with spin evolution calculations and shown to be a factor of 2-3 smaller than expected.
Two angular momentum loss prescriptions from FM18 are implemented using observed surface field strengths from the SOHO and SDO spacecrafts, along with mass loss rates and open flux measurements from Ulysses and ACE spacecrafts. The methods are found to produce average torques which either differ due to the amount of unsigned open flux the FM18 model produces from a given surface field observation, or the potential over-prediction of the open flux from spacecraft measurements. Assuming the open flux measurements from the in-situ spacecrafts are valid, we predict the solar wind torque has a present-day value of 2.3 × 10 30 erg, averaged over the last 22 years.
The observation that the spin rates of Sun-like stars converge toward a single track that depends on age also allows us to derive equation (12), describing how this spin-down depends on the torque and stellar properties. Then using solar parameters in equation (13) predicts that the long-time averaged torque should be 6.2 × 10 30 erg. Comparing this estimate of the torque from observed spin-evolution to the present-day torques predicted by the dynamical models gives additional insights. Differences in the average present-day torques to the spin-evolution torques, could be due to, (a) variability on a longer timescale than probed by the presentday variability presented here (but less than a spin-down time), (b) errors in using the dynamical models inferring present-day torque, or (c) that stars spin-down significantly different than Skumanich at ages of a few to several Gyr. We need additional information to discriminate between these possibilities. The required variability of (a) suggests we should observe stars like the Sun that are on average significantly more active (i.e., that they have larger torques) such that the average is correct. From the dynamical models, (b), uncertainties remain in the wind acceleration and effects of non-axisymmetric field components which both require further study to disentangle. Observationally, (c) requires more period-mass-ages for old stars to confirm or refute the van Saders et al. (2016) hypothesis.
For other Sun-like stars, measurements of their unsigned open flux and mass loss rates are not readily available. Instead we rely on surface magnetic field measurements, which are gained through Zeeman Doppler Imaging and Doppler Broadening techniques. Using the FM18 formula, predictions of the angular momentum loss rates for these stars based on their surface measurements may be smaller than in reality. Future models should be refined to better match the wealth of solar data available, such models should be able to open the correct amount of flux from a given surface magnetic field observation and continue to remain general for application to other Sun-like and low-mass stars.
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and Delorme et al. (2011) ) that, in the nearly 600 Myr-old clusters Praesepe and Hyades, 25% of solar-mass stars rotate faster than 2.4Ω and 90% percent rotate slower than 2.9Ω . This range of rotation rates at that age predicts a present-day solar torque in the range 5.9-6.3×10 30 erg. Even extending further into the tails of the distributions of spin rates in those clusters implies a possible spin rate from 2 to 10 times Ω , which gives a range of the present-day torque of 5.3-7.0×10 30 erg. Third, the analysis assumes a constant moment of inertia and solid-body rotation. The assumption of constant moment of inertia is correct to better than 2%, for solar-mass stars in the age range from 600 Myr to that of the Sun . The Sun and Sun-like stars are known to posses surface latitudinal differential rotation with an amplitude of approximately 20% (Messina & Guinan 2003; Barnes et al. 2005; Croll et al. 2006; Matt et al. 2011) . The effects of latitudinal differential rotation should thus have a comparably small effect on the observed (single-value) surface rotation rates as being representative of the whole surface of the stars. Helioseismic observations constrain the internal differential rotation profile also to an amplitude of approximately 20% (Schou et al. 1998; Charbonneau et al. 1999) . There is some evidence that the inner-most regions (10% of the radius) of the Sun may rotate substantially faster than the surface (García et al. 2007; Fossat et al. 2017) , but this would only affect the total angular momentum by a small amount, compared to that inferred by assuming a solid-body rotation at the surface rate. We have much less information about the internal rotation profile of Sun-like and younger stars. It is possible that young stars' inner radiative zones rotate much more rapidly than the surfaces. Rotational evolution models of Gallet & Bouvier (2015) predict this differential rotation can be substantial at ages of ∼100 Myr but decrease rapidly with time and has an amplitude of approximately 20% by an age of 1 Gyr. Thus it seems unlikely that differential rotation would affect the torque prediction by more than a few percent. However, given the uncertainty in internal rotation and angular momentum transport, it is worth noting that even in the most extreme case where the convective envelope is completely decoupled from the radiation zone implies a lower limit of 7.0×10 29 erg (calculated by putting the moment of inertia of the convective zone from Baraffe et al. (2015) into equation (13)).
Fourth, the average value of p is fairly tightly constrained by the behaviour of observed spin rates over long timescales (Skumanich 1972; Karoff et al. 2013; Barnes et al. 2016a; Metcalfe et al. 2016 ). However, it is possible that the spindown in time does not follow a single power law at all times (e.g. Lanzafame & Spada 2015) , and there are relatively few observational constraints for stars with known ages between about a Gyr and solar age (Meibom et al. 2011 (Meibom et al. , 2015 Barnes et al. 2016b,a) . For example, the stellar wind torque model of Gallet & Bouvier (2013 had an asymptotic (i.e., late-time) value of p ≈ 3.2, and they were able to fit available data. van Saders et al. (2016) suggested that stars become abruptly less efficient at spinning down at around the solar age, which within the present formalism could imply larger values of p (or generally speaking that the current torque could be significantly lower than predicted by equation (13)). It is not possible with the present analysis to rule out that the solar torque has undergone a recent transition, which would invalidate this calculation of the torque based on observed rotation rates of younger stars.
Despite the caveats listed above, equation (13) remains a robust estimate of the solar angular momentum loss rate, derived empirically from the observed rotation rates of other Sun-like stars.
